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A complete, system-level understanding of biological processes requires comprehensive
information on the kinetics and thermodynamics of the underlying biochemical reactions. A wide
variety of structural, biochemical, and molecular biological techniques have led to a quantitative
understanding of the molecular properties and mechanisms essential to the processes of life. Yet,
the ensemble averaging inherent to these techniques limits us in understanding the dynamic
behavior of the molecular participants. Recent advances in imaging and molecular manipulation
techniques have made it possible to observe the activity of individual enzymes and record
‘‘molecular movies’’ that provide insight into their dynamics and reaction mechanisms. An
important future goal is extending the applicability of single-molecule techniques to the study of
larger, more complex multi-protein systems. In this review, the DNA replication machinery will
be used as an example to illustrate recent progress in the development of various single-molecule
techniques and its contribution to our understanding of the orchestration of multiple enzymatic
processes in large biomolecular systems.
Introduction
Single-molecule techniques are rapidly changing the way we
think about biochemical processes. A major strength of
studying chemical reactions at the level of a single molecule
instead lies in the direct measurement of distributions of
molecular properties, rather than their ensemble averages. By
constructing histograms of particular molecular observables
for many individual molecules, deviant subpopulations can be
identified and characterized. This static representation, how-
ever, does not allow for discrimination between a static
heterogeneity and a dynamic process being responsible for the
observed subpopulations. This point can be addressed by the
recording of single-molecule trajectories, allowing us to follow
biochemical processes in real time and observe any transient
intermediate. The absence of a need for synchronization of the
entire ensemble of molecules allows us to extract detailed
dynamical information from single-molecule trajectories,
otherwise obscured in kinetic ensemble studies by dephasing
processes.
In recent years, a large number of biological systems have
been the subject of study with single-molecule techniques. This
development has already led to a greater understanding of the
molecular mechanisms of biological processes which include,
but are not limited to, active cellular transport,1–6 muscle
contraction,7–11 ion transport,12 ATP synthesis,13–15 and redox
reactions.16 A field of significant activity within the single-
molecule community is the study of processes that involve
DNA. The robustness of DNA as a substrate and the
development of techniques to manipulate individual DNA
molecules (reviewed in (17)) contributed to exciting develop-
ments in the areas of transcription,18–23 recombination,24–30
repair,31 and replication.32–37
An important future direction is the utilization of single-
molecule techniques to unravel the orchestration of large
macromolecular assemblies. Only a full understanding of the
dynamics of proteins in the context of their physiologically
relevant assemblies will allow for the incorporation of
microscopic kinetic and thermodynamic information into a
more global system-level description. This review will use the
process of DNA replication to illustrate how single-molecule
techniques can be employed to study large multi-protein
assemblies.
DNA replication involves the coordinated activity of a large
number of proteins. The replisome, the molecular machinery
of DNA replication, unwinds the double-stranded
DNA, provides primers to initiate synthesis, and polymerizes
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nucleotides onto each of the two growing strands.38,39 DNA is
replicated at a truly impressive speed and accuracy: in
Escherichia coli (E. coli), the replication fork moves at a rate
approaching 1000 nucleotides per second40 while making less
than one mistake per 109 nucleotide incorporations.41 Various
specific interactions between the proteins at the replication
fork give the replisome its efficiency. Remarkable progress has
been made in characterizing the structural and functional
properties of the individual components; their coordination at
the replication fork is less well understood. The large number
of tightly coupled chemical and mechanical activities involved
in DNA replication make it an ideal system to illustrate the
variety in observables that can be accessed by single-molecule
techniques and the wealth of kinetic parameters that can be
obtained from them. This review aims to describe the
significant contributions made by single-molecule studies to
our understanding of the functioning of the protein complexes
involved in replication. First, the various methods to
mechanically manipulate individual DNA molecules and study
proteins interacting with them will be reviewed. Subsequently,
single-molecule studies on the individual components of the
replication machinery will be discussed. This review will
conclude with a description of the progress made towards
obtaining a single-molecule view of the entire replisome.
Methods to study nucleic acid enzymes at the single-
molecule level
Mechanical manipulation of individual DNA molecules
The recent development of methods to mechanically manip-
ulate single DNA molecules has led to a detailed under-
standing of the mechanical properties of DNA. The controlled
stretching and twisting of individual DNA molecules allowed
researchers to quantitatively describe the mechanical proper-
ties of double-stranded DNA in terms of theoretical models
originally developed to describe the behavior of ideal
polymers.42,43 More recently, these techniques have opened
the door for studying the activity of nucleic acid-processing
enzymes at the single-molecule level. A brief overview of the
methods used to manipulate DNA and to monitor the activity
of nucleic acid enzymes is presented here.
Flow stretching. A laminar flow of aqueous buffer can be
used to exert forces on objects by transfer of momentum from
the fluid to the object. DNA can be attached on one end to the
surface of a flow chamber and the other end to a polystyrene
bead whose viscous drag exerts a force on the DNA and
stretches it (Fig. 1a).35,44 Alternatively, the drag on the DNA
molecule itself can be utilized to stretch it and use it as a
template for single-molecule studies.31 Combining the flow-
stretching with wide-field optical microscopy allows for a
simultaneous observation of multiple reactions. This multi-
plexing is essential for gathering statistically significant sample
sizes and for observing the low-probability events associated
with the activity of complex, multi-protein machineries.
Magnetic tweezers. Magnetic fields can be used to manip-
ulate and apply forces to DNA or proteins that are tethered to
magnetic particles. The presence of a preferred magnetization
axis in magnetic beads allows them to be aligned with the
direction of the applied magnetic field.45–47 This allows
individual DNA molecules, bound to a surface on one end
and to a magnetic bead to the other, to be over- or
underwound, and thus supercoiling to be introduced
(Fig. 1b). This method has proven to be particularly powerful
in the study of DNA topoisomerases and gyrases.46,48
Optical trapping. Optical tweezers, or optical traps, take
advantage of the fact that light exerts force on matter.
Dielectric particles, such as polystyrene beads or bacteria,
are attracted to the center of a tightly focused laser beam and
can be trapped there.49,50 The force exerted on the object
depends on the power of the laser, the dimensions of the
object, and the difference in index of refraction between the
object and the surrounding medium. Forces can be exerted on
DNA or on a protein bound to DNA by optically trapping a
polystyrene bead that is attached to the free end of a DNA
whose other end is either bound directly to a surface or to a
surface-immobilized protein (Fig. 1c). The large range in forces
that can be applied (100 fN–100 pN) makes optical trapping
techniques suitable for the investigation of the effect of force
on biochemical processes.51 The high spatial accuracy asso-
ciated with optical trapping has enabled measurements of
translocating nucleic acid enzymes with a resolution of a single
Fig. 1 Schematic depiction of methods to mechanically stretch individual DNA molecules. (a) Flow stretching. The Stokes drag force exerted by a
laminar flow on a bead at the free end of surface-attached DNA will cause the molecules to be stretched close to and parallel to the surface of a
microscope cover slip. (b) Magnetic tweezers. The bead attached to the free end of the DNA is paramagnetic and can be manipulated by a set of
magnets directly above the sample. The presence of a magnetic dipole moment in the bead allows torque to be introduced into the DNA. (c) Optical
trapping. A tightly focused laser beam traps the beam attached to the free end of the DNA, allowing the DNA to be stretched. In the case
illustrated here, the DNA is held to the surface by a surface-immobilized nucleic acid-processing enzyme.
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base pair.19 Generally, only a small number of beads can be
trapped simultaneously, making multiplexed observations
difficult.
For all three methods, the absolute force exerted on the
DNA can be obtained by two independent methods. First, the
force-dependent DNA length can be fitted to the worm-like
chain model, an analytical model that describes the DNA as a
flexible rod that displays smooth, random bends as a result of
thermal fluctuations. With only a single parameter, the
bending persistence length, this model accurately predicts the
DNA length as a function of force.42 Second, the amplitude of
the Brownian motion of the DNA-attached bead perpendi-
cular to the direction of the force is directly related to the
length of the DNA and the force applied.45
Fluorescence detection of individual DNA-binding proteins
Advances in fluorescence spectroscopy and microscopy have
made it possible to detect the fluorescence from a single
chromophore under biologically relevant conditions.52 By
covalently attaching fluorophores to proteins, their movement
can be monitored by single-molecule imaging. Furthermore,
by making use of spectroscopic properties and phenomenon
such as polarization and energy-transfer, the protein’s
conformational dynamics can be followed at the microscopic
level. Imaging the fluorescence of an individual labeled protein
with a sufficiently large signal-to-background ratio requires an
efficient suppression of fluorescence background from bulk
solution. Total internal reflection fluorescence (TIRF) micro-
scopy enables the selective illumination and excitation of
fluorophores in a thin layer immediately adjacent to a glass-
water interface and thus minimizes the volume of solution
contributing to background (Fig. 2a).53 The basic concept of
TIRF microscopy is simple, requiring only an excitation light
beam traveling at a high incident angle through a glass
coverslip. At a specific critical angle of incidence, the beam of
light is totally reflected from the glass/water interface, rather
than passing through. The reflection generates a very thin,
evanescent illumination (with a thickness of 100–200 nan-
ometers) in the aqueous medium (Fig. 2a). Combining wide-
field fluorescence imaging with total internal reflection
illumination allows for a highly multiplexed observation of
fluorescently labeled proteins interacting with surface-immo-
bilized DNA molecules. Flow-stretching long DNA close to
and parallel to the surface can be used with TIRF to allow for
observation of the movement of fluorescently labeled nucleic
acid enzymes along DNA.31
Spectroscopic properties of fluorescent labels can be used to
gain information about the conformation of proteins and
distances between them. Distance changes on a length scale
comparable with the dimensions of biological macromolecules
can be measured by fluorescence resonance energy transfer
(FRET), a process where the excitation energy of a donor
chromophore is transferred to an acceptor dye via an induced
dipole–dipole interaction. The strong distance dependence of
this interaction allows FRET to be used as a molecular ruler to
probe small changes in distance between two proteins or
between two sites on a protein.54,55 Single-molecule FRET
has been used to monitor conformational changes in
surface-immobilized DNA,56 in proteins on DNA,57 and to
probe movement of protein on DNA (Fig. 2b).33
Synthesizing DNA: the DNA polymerase
DNA polymerases catalyze the synthesis of a new DNA strand
on a ssDNA template.58 Both prokaryotic and eukaryotic cells
contain multiple DNA polymerase activities, involved in DNA
replication, recombination, and repair. DNA polymerases
extend a DNA chain by adding to it complementary
nucleotides one at a time in such a way that the 39-OH end
of the growing chain attacks the alpha phosphorous atom of
the incoming nucleotide’s 59-phosphate group in a SN2
reaction. Most known DNA polymerases perform this
reaction in a processive manner, incorporating thousands of
nucleotides without dissociating from its template. All of the
bacterial DNA polymerases possess a 39–59 exonucleolytic
activity that proceeds in the reverse direction from DNA
synthesis. This activity provides the capability of proofreading
by removing a mismatched penultimate nucleotide.
Several kinetic and structural studies have demonstrated
that the rate, processivity, and efficiency of proofreading all
strongly depend on subtle conformational variations within
the enzyme’s active site.59,60 The ability to observe a single
DNA polymerase moving along DNA while incorporating
nucleotides allows for a more extensive study of the relation
Fig. 2 (a) Total internal reflection microscopy (TIRF) restricts
illumination to a thin layer immediately above the glass surface,
thereby suppressing fluorescence background from bulk solution. The
evanescent field is created by the total internal reflection of a
collimated laser beam illuminating the sample at an oblique angle.
(b) Schematic depiction of single-molecule Fluorescence Resonance
Energy Transfer (FRET) experiment to probe helicase-mediated
unwinding of double-stranded DNA. The transfer of excitation energy
from the donor fluorophore (here Cy3) to the acceptor fluorophore
(here Cy5) is extremely sensitive to the physical distance between the
two probes. Unwinding of the duplex will cause this distance to
increase allowing for detailed measurements of unwinding with sub-
nanometer resolution (Figure adapted from ref. 70).
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between enzyme-template interaction and kinetics. The rate of
a single DNA polymerase synthesizing DNA on a single-
strand DNA template can be measured by utilizing the
difference between the elastic properties of single-stranded
and double-stranded DNA.36,37 Conversions between dsDNA
and ssDNA can be monitored through a change in total DNA
length, where the number of nucleotides converted is obtained
by using the difference between the lengths of ssDNA and
dsDNA (Fig. 3). The catalytic rates of the single enzymes were
demonstrated to display large heterogeneity within the
population of molecules. Furthermore, the enzymatic rate of
a single enzyme fluctuated over time.36 This observation is
confirmed by single-molecule studies on other enzymatic
systems16,44 and is interpreted as small conformational changes
in the enzyme subtly modulating the geometry of the active
site.61
By means of optical37 or magnetic tweezers,36 the force can
be changed in a controllable way and its influence on the
polymerization rate investigated. For several prokaryotic
polymerases, it was demonstrated that forces higher than 30–
40 pN stall the enzyme.36,37 Single-molecule studies on the
DNA polymerase of the T7 bacteriophage showed that even
higher forces stimulate the exonuclease activity by several
orders of magnitude.37 The response of the enzyme’s
translocation rates on a variation of the load applied provides
information on which biochemical steps in the pathway are
coupled to movement. The sensitivity of the polymerization
rate to tension indicates that the rate-limiting step is directly
affected by force. This behavior can be explained by a change
in the conformation of the enzyme during the rate-limiting
step.59 A quantitative interpretation of the force-dependence
observed in the single-molecule studies seemed to suggest that
the DNA polymerases convert two or more single-stranded
template bases to double-stranded DNA geometry during each
catalytic cycle. Structural data suggests that only a single base
is converted each cycle.60 This discrepancy was resolved by
modeling studies taking into account local interactions of
single-stranded bases with the enzyme.62 Every catalytic cycle,
the interactions of the enzyme with the single-stranded DNA
cause the DNA to shorten by an amount equivalent to n bases
(where n is 2 or larger, depending on the polymerase). After
condensation of one nucleotide into the DNA chain, a
conformational change in the enzyme–substrate complex
causes the DNA to lengthen again by n 2 1 bases.62
The ability to precisely tune the polymerization and
exonuclease rate of a single DNA polymerase allowed for a
complete characterization of all the transition rates involved in
both reactions. In combination with previously measured
bulk-phase data, a theoretical description of the different
states, and the transitions between them, of the DNA
polymerase as a biochemical network could be obtained
(Fig. 4).63 Such biochemical networks allow the examination
of the effects of control variables (such as tension, substrate
concentration) on enzyme action and serve as building blocks
of a systems approach to understanding the activity of these
enzymes in the context of larger machineries.
Unwinding double-stranded DNA: the helicase
DNA helicases are enzymes capable of unwinding duplex
DNA to provide the single-stranded DNA templates that are
required in many biological processes. All helicases separate
the strands of a double helix using the energy derived from
nucleotide hydrolysis. Single-molecule techniques are well
suited to monitor rates and processivities of unwinding, and
study their dependence on the applied load. There are five
classes (‘superfamilies’) of helicases based on sequence
homology.64 Depending on the superfamily, helicases display
different polarities of movement on single-stranded DNA and
adopt different oligomerization states.
The unwinding activity of the superfamily I protein UvrD, a
prokaryotic helicase involved in a number of repair path-
ways,65 has been studied at the single-molecule level by using
the fact that single-stranded DNA is longer than double-
stranded DNA at high stretching forces (Fig. 3).66 The helicase
was observed to switch strands during unwinding, leading to a
reversed translocation of the protein away from the fork and a
gradual re-annealing of the two single-stranded DNA pro-
ducts. A Fourier analysis of the noise associated with the
measurement of the extension of the DNA allowed the
determination of the enzyme’s step size.
Another illustrative example of a helicase that has been
intensively investigated by different single-molecule techniques
is RecBCD, an enzyme with both helicase and nuclease
Fig. 3 Force-extension data of ssDNA and dsDNA. At forces below
the crossover point (y6 pN), single-stranded DNA is shorter than
double-stranded DNA. At higher forces, single-stranded become
longer than the duplex. Enzymatically catalyzed conversions between
the two states can be visualized by changes in DNA length (Figure
adapted from ref. 37).
Fig. 4 Kinetic network of T7 DNA polymerase activity. Distinct
cycles for polymerase (red) and exonuclease (green) pathways are
linked by a cycle (black) involving binding or unbinding of DNA to the
poly or exo active sites. Results from force-dependent single-molecule
experiments led to the identification of the transitions that are sensitive
to tension applied to the DNA (Figure from ref. 63, copyright by the
National Academy of the United States).
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activities that plays an important role in the repair of
chromosomal DNA through homologous recombination.65
Unwinding and nucleolytic activity was studied by monitoring
the displacement of intercalating fluorescent dye from a flow-
stretched DNA substrate.30 Both this experiment and a
previous study67 pointed to a wide distribution of enzymatic
rates. Encounter of the enzyme with the x sequence, an 8 base
sequence that regulates recombination in E. Coli,68 was shown
to change its nuclease activity.30 Using optical tweezers to
apply tension to a DNA template that was threaded through a
surface-immobilized RecBCD enzyme, Perkins et al. observed
DNA unwinding with a precision of 2 nm, implying a unitary
step size of the enzyme below six base pairs.69 Interestingly,
they observed that the velocity of the enzyme remained
constant for hundreds to thousands of base pairs, before
suddenly switching to a different rate, pausing, or even
occasionally sliding back along the DNA template.
Ha and coworkers pioneered the use of single-molecule
FRET in the study of the molecular mechanisms of helicase
activity. Association of E. Coli Rep helicase, also a superfamily
I member, with a duplex DNA substrate and subsequent
unwinding could be observed by a strategic labeling of the
DNA with the donor molecule on one strand and the acceptor
dye on the other (Fig. 2b).70 Later experiments involved
fluorescent labeling of the protein itself and led to the
determination of the orientation of a Rep monomer bound
to a single-stranded-double-stranded DNA, as well as the
relative orientation of one of its sub-domains.71 Furthermore,
the authors demonstrated that an interaction between the
helicase and the 39 terminus of one of the unwound DNA
strands prevents the protein from dissociating from the
DNA.33
Many of the helicases that unwind DNA in the context of
the replication machinery have not yet been studied at the
single-molecule level. Well-known examples of prokaryotic
replicative helicases are the E.coli DnaB, the bacteriophage T7
gp4, and T4 gp41, all hexameric, donut-shaped proteins
belonging to the DnaB superfamily. Extensive biochemical
and structural characterizations resulted in the picture that
these proteins encircles a single strand of DNA and are able to
translocate from the 59 to the 39 direction.72 Upon encounter-
ing a single-stranded DNA/double-stranded DNA junction,
the complementary strand is displaced and the double-
stranded DNA unwound. It is not understood how the
single-stranded DNA translocation activity is coupled to the
unwinding, however. Two different models are typically
considered: an active or passive coupling.73 A passive helicase
acts as a Brownian ratchet: it waits for the thermal fluctuation
that transiently melts the first few base pairs of the double-
stranded DNA, and then moves forward and binds to the
newly available single-stranded DNA. The active model
describes a helicase that employs an irreversible powerstroke
to disrupt the double-stranded DNA. In this case, the
hydrolysis of nucleotides is tightly coupled to the destabiliza-
tion of the duplex, leading the helicase to unwind the double-
stranded DNA without being significantly slowed down by the
single-stranded DNA/double-stranded DNA barrier. A kinetic
characterization at the single-molecule level of both unwinding
of double-stranded DNA and translocation on single-stranded
DNA will undoubtedly answer this and many other out-
standing questions.
Single-stranded DNA-binding proteins
Single-stranded DNA-binding proteins (SSBs) are essential co-
factors in a large number of processes involving DNA, such as
replication58 and recombination.74 Not only do they coat the
single-stranded DNA that is transiently exposed at the lagging
strand during replication to protect it from nucleolytic
degradation, they are also thought to play an important
regulatory role within the replisome through interactions with
other replication proteins. The development of various
techniques to stretch individual DNA with a large range of
forces allowed for the characterization of the thermodynamic
and kinetic properties of single-stranded DNA coating and
double-stranded DNA destabilization by SSBs.
An instructive example is the work by the Williams group
that studied the effect of the T4 single-stranded DNA binding
protein, the gene 32 protein, on the melting behavior of duplex
DNA.34,75 Thermodynamically analogous to the melting
temperature of double-stranded DNA, a critical force exists
at which a duplex DNA is converted into two single-stranded
DNA molecules. The influence of SSBs on this melting force
provides information of the binding affinity of the protein to
single-stranded DNA. In contrast to temperature-induced
melting, these force studies can be performed at physiological
temperatures, thus avoiding protein denaturation. The depen-
dence of the gp32 equilibrium binding constant as a function
of the ionic strength revealed that protein binding is regulated
by intramolecular conformational changes.
The replisome: A multi-enzyme replication
machinery
Replisome assembly
Replication forks are assembled at specific chromosomal sites
known as origins of replication. Before an active replisome is
ready to unwind and synthesize DNA, the individual replica-
tion proteins need to be assembled onto the origin. The T4
bacteriophage replisome is a replication model system whose
assembly pathways are intensively studied. Both the T4 DNA
polymerase sliding clamp complex (homologous to the b
subunit of the E. coli DNA polymerase III) and the T4 helicase
form rings around DNA during replication and require
accessory proteins to assemble.76
The assembly process is a pathway that contains many
intermediates, a wide range of transition rates, and multiple
branches. The order in which various proteins assemble is
difficult, if not impossible, to monitor using ensemble-
averaged experiments. The groups of Benkovic and Hammes
have used single-molecule FRET between labeled T4 replica-
tion proteins to unravel the order of their assembly.32,77–79 A
low concentration of forked DNA substrates was immobilized
on a surface and the fluorescence from the labeled replication
proteins imaged while assembling. This work demonstrated
that the T4 DNA polymerase can be assembled through one of
four major different pathways.77 These different routes of
assembly each may play a role in different phases of the
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replication cycle, such as leading- and lagging-strand synthesis.
Using these single-molecule FRET imaging techniques, the
authors also uncovered a mechanism that inhibits DNA
polymerase activity until the helicase loading protein has
completed its job of assembling the helicase.78,79 These
experiments characterized equilibrium binding stoichiometries
by taking ‘‘snapshots’’ under various assembly conditions. An
exciting future direction will be the real-time observation of the
assembly process allowing for the determination of kinetic
parameters.
Fork elongation
Once properly assembled, replication fork elongation com-
mences and DNA is duplicated at a high rate and accuracy.
The replication of parental DNA into two identical daughter
molecules is a key example of how multiprotein machineries
perform highly complex mechanical tasks at the microscopic
level. The helicase unwinds the parental double-stranded DNA
(dsDNA) into two DNA strands allowing two DNA poly-
merases, complexed with processivity factors, to each synthe-
size DNA on the single-stranded templates. The 59 to 39
direction of polymerase-dependent nucleic acid synthesis
permits one of these enzymes to synthesize DNA in a
continuous fashion on the leading strand, but forces the
polymerase on the lagging strand to restart at short intervals,
using short RNA primers made by a DNA primase. The
discontinuous synthesis of DNA on the lagging strand gives
rise to a succession of Okazaki fragments that are later
processed and ligated into one continuous strand. Single-
stranded DNA-binding proteins remove any secondary struc-
ture that may inhibit synthesis and protect the stretches of
transiently exposed ssDNA from nucleolytic attacks.
The various enzymatic events involved in Okazaki fragment
synthesis must occur with such organization that lagging-
strand synthesis remains in step with the continuous leading-
strand synthesis. This synchronization requires a precisely
timed series of enzymatic steps that control the synthesis of a
primer, the recycling of the lagging-strand DNA polymerase,
and the production of an Okazaki fragment. Different models
have been put forward to explain how these slow enzymatic
steps can take place at the lagging strand without losing
coordination with the continuous and rapid leading-strand
synthesis.80–82
Lee et al. used single-molecule techniques to probe the
kinetics of leading- and lagging-strand synthesis mediated by
the replication machinery of bacteriophage T7.35 Its replisome
can be reconstituted in vitro with a small number of purified
proteins (Fig. 5), making it an attractive model to study the
orchestration at the replication fork. Nonetheless, the organi-
zation of the T7 replication system closely mimics that of E.
coli and more complex organisms.39 The T7 DNA polymerase
consists of a 1 : 1 complex of the T7 gene 5 protein (gp5),
encoded by the phage, and the thioredoxin processivity factor,
encoded by the E. coli host.83 The T7 gene 4 protein (gp4)
assembles as a hexamer and provides both helicase and
primase activities.84,85 The helicase activity, required for
unwinding the parental DNA strands, is located in the
C-terminal half, and the primase activity, capable of
synthesizing the tetraribonucleotide primers that are required
to initiate lagging-strand DNA synthesis, is located in the
N-terminal half.
The authors stretched individual DNA molecules by laminar
flow and monitored their lengths by tracking the positions of
small beads attached to the ends of the DNA molecules.
Conversion from double- to single-stranded DNA was
monitored through a decrease in total DNA length at the
low force used (Fig. 3).44 By using a forked DNA template, a
complex of one T7 DNA polymerase and helicase-primase
could be assembled on one end of the DNA molecule.
Leading-strand synthesis catalysed by T7 DNA polymerase
converts one DNA strand arising from gp4 helicase activity
into double-stranded DNA. In the absence of the lagging-
strand DNA polymerase, the lagging strand will remain in the
single-stranded form. By attaching the DNA to the surface of
the flow cell by the 59-end of the lagging strand, leading-strand
synthesis could be detected by an effective shortening of the
DNA (Fig. 6a).
A typical leading-strand synthesis trajectory mediated by the
T7 DNA polymerase in association with the gp4 helicase is
depicted in Fig. 6a (trace 1). Before the reaction was initiated,
the flow cell was stringently washed with only buffer and
nucleotides, thus effectively reducing the free protein concen-
tration in the reaction volume to zero. As a result, protein
exchange between the solution and the DNA-bound complex
during the reaction was prevented. This situation, impossible
to achieve using bulk biochemical techniques, allowed for a
determination of the true processivity and rate of the
replication complex.
The primase activity of the gp4 was studied by adding
ribonucleotides to the reaction mixture. In the presence of
ribonucleotides, short pauses occurred in the single-molecule
leading-strand synthesis traces (Fig. 6a, trace 2; pauses are
indicated by grey arrows). These pauses, with an average
duration of several seconds, were demonstrated to result from
primer synthesis by repeating these experiments with a gp4
Fig. 5 The bacteriophage T7 replication machinery. The replisome
consists of the hexameric T7 gene 4 protein (gp4) and two copies of the
T7 DNA polymerase (T7 gene 5 protein (gp5) complexed with E. coli
thioredoxin (trx)). T7 gene 2.5 protein (gp2.5), the ssDNA-binding
protein, coats the transiently exposed ssDNA in the replication loop.
Gp4 consists of a primase and a helicase domain, connected by a linker
region. The primase domain consists of two subdomains: a zinc-
binding domain (ZBD) and the RNA polymerase domain (RPD).
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defective in primase activity (Fig. 6a, traces 3 and 4). The
observation that leading-strand synthesis momentarily stops
during primer synthesis explains how the slow enzymatic
events on the lagging strand take place without leading-strand
synthesis progressing too far ahead of the lagging-strand
synthesis.
The authors extended these experiments to include lagging-
strand synthesis by introducing excess T7 DNA polymerase.
The ensuing lagging-strand synthesis leads to the formation
and release of a replication loop on the lagging strand,
expressed in the single-molecule traces as a shortening of the
DNA that is followed by an instantaneous lengthening
(Fig. 6b). The pauses prior to the initiation of replication
loop formation represent a transient halting of the whole
replication fork during primer synthesis and delivery.
The replisome is faced with significant topological chal-
lenges when replicating DNA. Two identical copies of a
polymerase are moving in parallel at the fork while synthesiz-
ing DNA in an anti-parallel fashion. One polymerase
synthesizes in a continuous manner, the other repeats a finely
tuned sequence of primer utilization, synthesis, and recycling.
These single-molecule experiments demonstrate how the
production of the two strands is coupled and how the three
enzymatic activities (polymerization, unwinding, priming) are
Fig. 6 Single-molecule observation of DNA replication. (a) Single-molecule trajectories of leading-strand synthesis (top panel). Above the traces
is indicated whether ribonucleotides (rNTP) were present in the reaction mixture, and whether the gp4 contained the primase zinc-binding domain
(ZBD), without which no primase activity can occur. The grey arrows denote pauses. The bottom panel shows a schematic depiction of events
observed in top panel. In the absence of lagging-strand synthesis, leading-strand synthesis causes the 59 tail of the DNA to be converted to the
single-stranded form. Attachment of the 59 end to the surface allows the monitoring of this conversion as a change in total length of the DNA. (b)
Single-molecule trajectory of replication loop formation. In the presence of excess T7 DNA polymerase, lagging-strand synthesis is initiated after
primer synthesis (indicated by the pause) and a replication loop is formed in the lagging strand. Replication loop release is clearly visible as
instantaneous lengthening of DNA. The lower panels provide a schematic explanation of these events (Figure adapted from ref. 35).
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coordinated. All organisms have evolved similar mechanisms
to overcome the asymmetry at the fork. It is to be expected
that these techniques will be directly applicable to other in vitro
reconstituted replication systems (T4,86 E. Coli,87 SV40),88
leading to a deeper understanding of the mechanisms under-
lying DNA replication.
Conclusion
During recent years, the application of single-molecule
techniques to unravel the kinetics of complex enzymatic
systems and to understand the underlying mechanisms has
been expanded to the study of larger multi-enzyme systems.
These efforts bring closer to realization the goal of under-
standing the complex networks of interactions between
partners within the intricate molecular machineries that
support various cellular processes. To date, these experiments
focused on the activities of systems in vitro, reconstituted in
nonphysiological environments. An important future direction
will be the study of more complex enzymatic processes, e.g.
eukaryotic DNA replication, at the single-molecule level in
cell-free extracts, an environment that closely mimics the
cellular context, but is still compatible with in vitro single-
molecule techniques.
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